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Intercalated cells of the rat inner medullary collecting duct. There is
increasing evidence of acidification along the entire mammalian collect-
ing duct including the inner medullary collecting duct (IMCD). Recent
studies have provided morphologic evidence that the intercalated cells
are involved in hydrogen ion secretion in the cortical and outer
medullary collecting duct of the rat. In the present study we performed
a quantitative and qualitative morphologic examination of the interca-
lated cells in the IMCD of the rat and compared the results to
observations obtained from intercalated cells in the collecting duet in
the inner stripe of the outer medulla (OMCD1). Kidneys of male rats
were preserved by in vivo perfusion with glutaraldehyde and processed
for morphologic evaluation. With light microscopy and scanning elec-
tron microscopy intercalated cells were found in the outer third of the
IMCD (IMCD1) and accounted for 10% of the total cell population.
They were absent in the terminal two—thirds of the IMCD. Examination
of the intercalated cells using transmission electron microscopy re-
vealed striking similarities between the cells of the IMCD1 and those in
the OMCDI. In addition, no differences were found in the surface
densities of the apical or basolateral plasma membranes or the volume
densities of the mitochondria of the intercalated cells in the two regions.
In light of the morphologic similarity with the intercalated cells of the
OMCD1 that are believed to be involved in hydrogen ion secretion, it is
likely that the intercalated cells of the IMCD1 are also involved in the
acidification of tubular fluid.
Urine acidification by the mammalian collecting duct in-
volves a maximal lowering of the urinary pH and net acid
excretion in the form of titratable acid and ammonium [1].
There is increasing evidence that acidification can occur along
the entire collecting duct. Bicarbonate reabsorption has been
demonstrated in both the cortical and outer medullary collect-
ing duct of the rabbit utilizing the isolated perfused tubule
preparation [2—5].
In recent years several studies in the rat have provided
evidence suggesting that the inner medullary collecting duct
(IMCD) is capable of urine acidification. Micropuncture studies
revealed bicarbonate reabsorption in the papillary collecting
duct of the rat [6, 71, and net acid excretion, mainly in the form
of ammonium ion, has been demonstrated along the IMCD of
the rat using microcatheterization techniques [8, 9].
The mammalian collecting duct is composed of two main cell
populations, principal cells and intercalated cells. At the
ultrastructural level, intercalated cells resemble the mitochon-
dna—rich cells of the amphibian urinary bladder that have the
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capacity to secrete hydrogen ion. Recent studies have sug-
gested that an electrogenic proton translocating ATPase medi-
ates hydrogen ion secretion in the turtle urinary bladder [10,
11], a functional and structural analogue of the mammalian
collecting duct. Studies of mitochondria—rich cells in the turtle
bladder [121 and of intercalated cells of the rat outer—medullary
collecting duct (OMCD) [13, 141 have provided morphologic
evidence suggesting that hydrogen ion secretion involves
exocytotic fusion of cytoplasmic vesicles containing a proton
pump with the luminal cell membrane. In addition, it has been
demonstrated that membrane fractions derived from bovine and
rat renal medulla contain an electrogenic proton—translocating
ATPase [15, 16]. A recent study provided evidence that a
proton-ATPase plays a role in proton transport and intracellular
pH regulation in the rabbit OMCD [17].
Although it has been reported that intercalated cells are
present in the IMCD of the rat [18—201, a detailed morphologic
characterization of the intercalated cells in this region of the
nephron does not exist. Therefore, the purpose of this study
was to perform a quantitative and qualitative morphologic
analysis of the intercalated cells in the IMCD of the rat and to
compare these findings with observations obtained from inter-
calated cells of the collecting duct in the inner stripe of the outer
medulla (OMCD1).
Methods
Animals
Fourteen adult, male Sprague—Dawley rats weighing 215 to
285 g were divided into two groups. In group I the kidneys of
eight animals were preserved for examination of the collecting
duct in the three regions of the inner medulla. In group lithe
kidneys of six animals were preserved to compare the interca-
lated cells in the IMCD with those in the OMCDI.
Preservation of tissue for light and electron microscopy
Animals in both groups were anesthetized with sodium
pentobarbital (50 mg/kg body wt, i.p.) and the kidneys were
preserved by intravascular perfusion with two different glu-
taraldehyde solutions using the procedure described by
Maunsbach [21]. The animals in group I were perfused with a
0.1 M sodium cacodylate—buffer rinse solution containing 1.5%
NaCl and 4% PVP (osmolality 712 mOsm/kg; pH 7.4) for 10
seconds at 190 mm Hg before perfusion of the kidneys with 3%
glutaraldehyde in the same buffer as the rinse solution (osmolal-
ity 1080 mOsm/kg; pH 7.4) at the same pressure for three
1080
minutes. The animals in group II were perfused with a Tyrode's
buffer solution containing 3% PVP (osmolality 320 mOsm/kg;
pH 7.3) at a perfusion pressure of 140 to 180 mm Hg, before
fixation of the kidneys with 3% glutaraldehyde in Tyrode's
buffer containing 3% PVP and NaC1 to give an osmolality of 714
mOsm/kg and a pH of 7.3. In both groups of animals the kidneys
were excised and fixed for an additional two to four hours in the
same primary fixative at room temperature, bisected and then
rinsed and stored in a buffer solution containing 0.1 M sodium
cacodylate and 7.5% sucrose (group I) or a Tyrode buffer (group
II).
As depicted in Figure 1, transverse sections were excised
from the kidneys of animals in group I and the inner medulla
was divided perpendicular to its long axis into three regions,
each measuring approximately 2 mm in length. Throughout this
report these will be referred to as regions I, II and III of the
inner medulla as indicated in Figure 1, and the IMCD in the
three regions will be abbreviated IMCD1, IMCD2, and IMCD3
[22]. The central area of these three regions was sampled
randomly and processed for light microscopy and scanning
electron microscopy, In the animals of group II, tissue was
sampled from the inner stripe of the outer medulla and the outer
one—third of the inner medulla (region I) and processed for
transmission electron microscopy.
Light microscopy and transmission electron microscopy
The tissue was post-fixed for one hour in 2% osmium
tetroxide buffered in 0.1 M sodium cacodylate, dehydrated
through a graded series of alcohols and propylene oxide and
embedded in epoxy resin (Epon). One tm sections were cut on
an MT2 Porter—Blum ultramicrotome, stained with toluidine
blue and examined by light microscopy. Thin sections were cut
on a Sorvall MT 5000 ultramicrotome, stained with uranyl
acetate and lead citrate, and examined and photographed with a
Zeiss model lOA transmission electron microscope (Zeiss,
Oberkochen, FRG).
Scanning electron microscopy
After perfusion fixation, 1 to 2 mm thick slices of each entire
kidney were cut in the transverse plane. The tissue was fixed
additionally in 3% glutaraldehyde in either Tyrodes buffer or 0.1
M cacodylate buffer for a minimum of 24 hours before dehydra-
tion in a graded series of acetones, and critical point drying with
CO2 in a Samdri-790 critical point drying apparatus. The
samples were mounted on aluminum stubs and coated with
palladium—gold in a Hummer II sputter coater. All samples
were examined and photographed with an ETEC Autoscan
scanning electron microscope operating at 20 kv.
Quantitation of intercalated cells in the IMCD
The collecting duct in the three regions of the inner medulla
from the animals in group I was analyzed by light microscopic
examination of 1 m thick Epon sections. Three tissue sections
from each of the three regions were examined per animal. In
region I the number of intercalated cells and principal cells
within three equidistant squares per section was counted at a
magnification of 400X and expressed as a percentage of the total
number of cells counted. Approximately 300 collecting duct
cells were counted from each of the eight animals.
Morphometric analysis of intercalated cells in the OMCD
and the IMCD1
The intercalated cells from the OMCD1 and from the IMCD1
of animals in group II were analyzed by transmission electron
microscopy. From each animal 10 intercalated cells were pho-
tographed from each of the two regions at x 5000 and analyzed
at a final magnification of 18,500. The exact magnification was
determined using a calibration grid with 28,800 lines per inch. A
total of 60 cells from each region was examined by morphome-
tric analysis using the curvilinear test system of Merz. The test
grid, with a distance between points of 20 mm corresponding to
approximately 1 xm, was superimposed on the enlarged prints
for line intersection and point counting. The surface density,
S, of the apical and basolateral membrane of the intercalated
cells was determined and expressed as mm2 (surface area of
membrane) per mm3 (volume of cell). S, was calculated from
the following equation,
4 I
sv = —. _____
PT x d
where I is the number of intersections of the plasma membrane
with the superimposed test grid line, PT is the number of test
points within the cell and d represents the distance between test
points.
The volume density, Vv, of mitochondria within intercalated
cells was determined using the formula,
Pmvv -—
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Fig. 1. Schematic representation of a transverse section illustrating
cortex, outer and inner stripes of outer medulla and regions I, II, and
III of the inner medulla.
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Fig. 2. Scanning electron micro graph qf IMCD1 illustrating interca-
lated cells and surrounding principal cells. Note the prominent
microplicae on the convex luminal surface of the intercalated cells.
Magnification x 4600
Fig. 4. Scanning electron micrograph of IMCD3 revealing only princi-
pal cells. Intercalated cells were absent from IMCD2 and IMCD3.
Magnification x 4200
where Pm is the number of test points superimposed over
mitochondrial profiles. The mitochondrial volume density was
defined as the volume of mitochondria per unit of cell volume
and expressed as mm3 per mm3.
Statistical methods
The morphometric data on the intercalated cells from the
OMCDI and the IMCD1 of animals in group II were analyzed by
the paired I-test. Data are expressed as mean values SEM, and
P values less than 0.05 were considered significant.
Fig. 3. Scanning electron micro graph of OMCD1 demonstrating inter-
calated cells and surrounding principal cells. The appearance of the
intercalated cells is virtually identical to those in Figure 2 from the
IMCD1. Magnification x 4600
Fig. 5. Light micrograph from 1 m Epon section demonstrating
region I of the inner medulla. Intercalated cells (asterisks) in a collect-
ing duct are easily identified by the dark staining cytoplasm and
microprojections of the luminal surface. Magnification X 1740
Results
The IMCD which begins at the junction between the inner
stripe of the outer medulla and the inner medulla and terminates
at the papillary tip can be divided into three segments, IMCD1,
IMCD2, and IMCD3, each measuring approximately 2 mm in
length (Fig. 1).
Scanning electron microscopy
Scanning electron microscopy of the IMCD1 revealed two
cell types that were identified by the appearance of their luminal
surface (Fig. 2). The intercalated cells were characterized by a
4 II a,
An - U
— .____
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Fig. 6. Electron micrograph of intercalated cell from IMCD1. Note the microprojections (microplicae) on the apical surface and the
tubulovesicular structures in the apical cytoplasm. Magnification x 12000
polygonal to round shape and a convex luminal surface covered
with numerous microplicae and occasional microvilli, but no
cilium. The microplicae were most often arranged randomly as
branching folds or ridges in the luminal membrane. Principal
cells exhibited a single cilium and short microvilli on their
luminal surface. Scanning electron microscopy of the OMCD1
also revealed two cell types (Fig. 3). The microplicated inter-
calated cells and principal cells were essentially identical to
those in the IMCD1.
Despite a detailed survey no intercalated cells were observed
in regions II and III of the inner medulla (Fig. 4). Scanning
electron microscopy of the luminal surface of IMCD2 and
IMCD3 revealed only one cell type with the appearance of
principal cells. The luminal surface of these principal cells was
covered with abundant short microvilli which often appeared
more prominent along the cell borders. A single central ciium
was usually present on principal cells in the IMCD2, but not in
the IMCD3.
Light microscopy
The three regions of the IMCD were analyzed by light
microscopic examination of 1 tm toluidine blue—stained Epon
sections. Intercalated cells were observed in the IMCD1, but
were absent from the IMCD2 and IMCD3 nearest the papillary
tip, thus confirming the observations by scanning electron
microscopy. The intercalated cells were easily identified by
their bulging or convex apical surface that was covered with
microprojections (Fig. 5). In contrast to the adjacent principal
cells, they exhibited a dark staining cytoplasm which was due,
at least in part, to the large number of mitochondria. The
quantitation of cells in the IMCD1 revealed that intercalated
cells accounted for 10.7 0.8% (sEM)(range 7.2 to 14.9%) of all
collecting duct cells in region I of the inner medulla.
Ultrastructure of intercalated cells
Intercalated cells in the IMCD1 and OMCD1 were examined
by qualitative and quantitative transmission electron micros-
copy (Figs. 6 and 7). Numerous microprojections extended
from the apical surface of the cells. More specific categorization
of the cell surface pattern, whether microvilli or microplicae,
was difficult with transmission electron microscopy alone. The
mitochondria were prominent and they were distributed gener-
ally above and lateral to the nucleus. Otherwise, the mitochon-
dna! profiles had no preferred shape or orientation. The nuclei
,. ,...#
C.
-
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Fig. 7. Electron micrograph of intercalated cell from OMCD1. Intercalated cells from this region had ultrastructural features similar to those from
the IMCD1 (Fig. 6). Magnification x 12000
contained a moderate amount of heterochromatin. Infoldings of
the basal plasmalemma were generally restricted to 10 to 15% of
the overall cell height.
Tubulovesicular structures were prominent in the apical
cytoplasm of intercalated cells from both the OMCD1 and the
IMCD1. Small coated vesicles with the appearance of clathrin
vesicles [23] were observed commonly throughout the cyto-
plasm, and were often seen in direct continuity with the
membranes of the tubulovesicular structures suggesting that
fusion had occured (Fig. 8). Small coated vesicles were often
seen in the close vicinity of or in continuity with Golgi
cisternae. Many of the tubulovesicular structures as well as
occasional areas along the apical plasma membrane contained
regularly spaced densities often termed "studs" on the cyto-
plasmic surface of the membrane (Fig. 9). Rough and smooth
endoplasmic reticulum as well as free ribosomes were present
throughout the cytoplasm.
The results of the morphometric analyses are shown in Fig.
10. A comparison between the intercalated cells of the inner
medulla and those in the inner stripe of the outer medulla
revealed no significant differences in surface density, Sv, of the
apical and basolateral membranes or volume density, Vv, of the
mitochondria.
Discussion
The results of the present study demonstrate that intercalated
cells are present in the IMCD of the rat kidney, and extend for
a distance of 2 mm into the inner medulla. The intercalated cells
account for 10% of the total cell population in the IMCD1, but
are absent in the IMCD2 and IMCD3. The qualitative morpho-
logic examination demonstrated for the first time that the
intercalated cells of the IMCD1 closely resemble the interca-
lated cells in the OMCD1. Furthermore, detailed morphometric
analyses revealed no differences between intercalated cells in
the two regions.
Intercalated cells have been noticed previously [18—20] in the
IMCD of the rat. However, these observations are not widely
recognized and the cells have not been characterized in detail
morphologically in this region. Intercalated cells have also been
reported in the IMCD of other species such as dog [24] and
Psammomys [25], but they are rarely found in the IMCD of man
[26] and rabbit [27].
Recent morphologic studies have established the existence of
two configurations of intercalated cells, type A and type B, in
the rat [22]. The type A and type B cells correspond largely to
the light and black manifestations of intercalated cells described
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Fig. 8. Electron micrograph of apical cytoplasm of intercalated cell
from the IMCD,. Small coated vesicles (arrows) and tubulovesicular
structures (arrowheads) are evident. Studs are associated with the
cytoplasmic surface of the membrane of several of the tubulovesicular
structures. Magnification x 48000
in the cortical collecting duct of the rabbit [281. The two
configurations of intercalated cells have morphologic similar-
ities with the two types of carbonic anhydrase—rich cells, a and
f3, described recently by Stetson and Steinmetz in the turtle
urinary bladder [29]. In the present study the intercalated cells
of the OMCD1 and IMCD1 have the type A configuration and
resemble the microplicated a-type carbonic anhydrase—rich cell
in the turtle urinary bladder. Those morphologic features that
are common to the type A intercalated cell and the a-type
carbonic anhydrase—rich cell include the presence of numerous
apical cytoplasmic tubulovesicular structures, a coat of studs
on the cytoplasmic side of both the apical plasma membrane
and the tubulovesicular structures, and extensive microplicae
covering their luminal surface. Both the a-type carbonic
anhydrase—rich cell and the type A intercalated cell are believed
to be involved in hydrogen ion secretion.
Fig. 9. High magnification electron micrograph illustrating studs (ar-
rowheads) on the cytoplasmic surface of the apical plasma membrane
of an intercalated cell from the IMCD,. Magnification X 77000
It has been demonstrated that the OMCD1 of the rabbit is an
important site for acidification in both normal and acidotic
conditions [4]. Recent studies from our laboratory have dem-
onstrated ultrastructural changes in the intercalated cells in the
OMCD of rats with acute respiratory acidosis and chronic
metabolic acidosis, suggesting that there is a transfer of mem-
brane from the cytoplasmic tubulovesicular structures to the
apical plasma membrane [13, 14]. These findings are consistent
with the studies in the turtle urinary bladder, which suggest that
hydrogen ion secretion is regulated by the exocytotic fusion of
cytoplasmic vesicles containing proton pumps with the luminal
plasma membrane [12, 30]. The existence of C02-stimulated
exocytotic fusion of cytoplasmic vesicles with the luminal
plasma membrane has been suggested recently in cells from
rabbit cortical and outer medullary collecting ducts and proxi-
mal straight tubules [31].
There is evidence suggesting that the IMCD of the rat also
plays a role in urine acidification. One laboratory employing
0.10
Fig. 10. Surface density (Sr) of the apical
0 05 and basolateral plasma membranes and
volume density (Vv) of the mitochondria of
intercalated cells from the OMCD1 (IS) and
IMCD, (IM). Bars indicate mean values
SEM. No differences were observed between
intercalated cells in the two regions.
microcatheterization techniques has interpreted their results to
indicate that the IMCD has a major role in distal acidification,
and that acidification at this site is mediated by hydrogen ion
secretion [8, 9]. In a study of acute metabolic acidosis, these
investigators demonstrated an increase in net acid along the
IMCD and this additional acid was predominantly accounted
for by excretion of ammonium [9]. In related studies, increased
acidification along the IMCD in the presence of increased
luminal buffer delivery was shown in rats with acute respiratory
acidosis [32, 33]. In addition, studies employing free—flow
micropuneture techniques and capillary perfusion and simulta-
neous, luminal stop—flow microperfusion in the rat have re-
vealed bicarbonate reabsorption in the IMCD [6, 7].
Our qualitative and quantitative morphologic results demon-
strate that the intercalated cells of the inner medulla closely
resemble the intercalated cells in the inner stripe of the outer
medulla, where they appear to be responsible for hydrogen ion
secretion. Based on these considerations we suggest that it is
likely that the intercalated cells of the rat IMCD are also
involved in acidification. However, physiologic studies using
either microcatheterization techniques or free—flow micropunc-
ture suggest that acidification takes place also in the IMCD2 and
IMCD3 where intercalated cells are absent. Thus, it is possible
that the prinicpal cells may also be involved in acidification in
the IMCD of the rat. A recent study has provided evidence that
acidification by the IMCD also occurs in the rabbit [34]. Since
intercalated cells are rarely found in the inner medulla of this
species, those findings provide additional indirect evidence that
the principal cells in the IMCD may also play a role in urine
acidification.
Our studies provide the first detailed morphometric measure-
ments of membrane surface densities of the intercalated cells in
both the OMCDI and the IMCD1. They were undertaken
primarily to establish that the structural characteristics of the
intercalated cells of the IMCD1 were the same as those of the
OMCD1. In earlier studies in the rat kidney, Pfaller derived
membrane surface density measurements for the collecting duct
in the outer and inner medulla 1351. However, the principal and
intercalated cells were not distinguished and, thus a valid
comparison with the morphometric parameters we obtained in
the present study is not possible.
In summary, intercalated cells are present in the IMCD1 of
the rat kidney. In this region of the collecting duct they account
for approximately 10% of the total cell population. These
intercalated cells exhibit the type A configuration and resemble
those cells believed to be responsible for hydrogen ion secretion
in the outer medullary collecting duct. Thus, we propose that
the intercalated cells in the rat IMCD are involved in tubular
fluid acidification in this region of the nephron.
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